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n-Propyl, n-butyl and n-pentyl j%cellobiosldes with a reactive w-epoxide in their aglycon completely and irreversibly inactivate ndoglucanase III
from Trichoderma reesei. The pentyl derivative was found to be most effective. From these affinity labeling experiments evidence was found for 
the implication of Glt? in the reaction mechanism. This is discussed in relation to other structural/functional data known for endoglucanase III
and several other family A glycanases. 
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1. INTRODUCTION 2. MATERIALS AND METHODS 
Polysaccharidases are usually classified as endo- and 
exo-type enzymes. In the case of cellulases this does not 
correspond to their classification based on amino acid 
sequence similarities in at least 6 different families (A- 
F), some containing both endo and exo-enzymes [l]. 
The validity of this classification has been confirmed by 
structural/functional evidence: (i) studies of the stereo- 
chemical course of the catalytic reaction [2,3], (ii) speci- 
ficity mapping (Claeyssens and Henrissat, unpub- 
lished); (iii) site-directed mutagenesis, e.g. [4-61; (iv) spe- 
cific chemical modification [7], and [v) determination of 
three-dimensional structures of an exo-cellulase belong- 
ing to family B [8] and of an endo-enzyme from family 
E [93. 
X-Ray crystallographic data are not available for 
other cellulase families, although endoglucanase A from 
Clostridium cellulolyticum has recently been crystallised 
(J.-P. Belaich and R. Haser, personal communication) 
and, hopefully, structural details of this family A cellu- 
lase will be published soon. More than 40 sequences 
now belong to this family including endoglucanase III 
from Trichoderma reesei [lo]. 
The present paper describes an attempt to identify a 
catalytically important residue in this enzyme by affin- 
ity labeling using cellobioside derivatives carrying reac- 
tive epoxide functions in their aglycon part. 
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Cellotriose and its 4’-methylumbelliferyl-j&glycoside were prepared 
as previously described [1 I]. The w-epoxy-alkyl;B-cellobiosides (n- 
propyl, n-butyl and n-pentyl) were synthesized according to [12]. Pro- 
tease V, was purchased from Sigma (USA). All other reagents and 
chemicals were of the highest purity available. 
Endoglucanase III was isolated from culture supernatants of 
Trichoderma reesei QM 9414 and purified as described [13,14]. Its 
concentration was determined at 280 nm (~77000 M-’ cm-‘) [lo]. 
Methylumbelliferyl-/J-cellotrioside (100 PM) was used as Auoro- 
genie substrate in 0.1 M sodium acetate, pH 5.0 at 30” C [ll]. The 
activity against cellotriose (3 mM) was determined at different pH in 
MC Ilvaine’s buffers (0.1 M sodium citrate/phosphate) at37°C. meas- 
uring o-glucose by the o-glucose oxidase/peroxidase method [I 51. 
Endoglucanase III (0.8 PM, final concentration) in MC Ilvame’s 
buffer pH 4.6, was treated with epoxide (2-20 mM) and incubated at 
37°C. To stop the inactivation and to determine the residual activity 
after different reaction times, 10 ~1 aliquots of the reaction mixture 
were diluted into 0.5 ml 100 PM methylumbelliferyl-p-cellotrioside in 
0.1 M sodium acetate pH 5.0. 
Larger amounts of labeled endoglucanase III were prepared by 
adding 3 mg 4’, 5’-epoxypentyl;B-cellobioside to 1 mg enzyme in 1 ml 
MC Ilvaine’s buffer, pH 4.6. After complete inactivation (48 h. 37°C) 
the mixture was diluted with distilled water (to 3.5 ml), desalted and 
concentrated by ultrafiltration (Centricon 10, Amicon, USA). This 
washing step was repeated twice to remove excess epoxide. A control 
without inhibitor (unlabeled endoglucanase) was prepared similarly. 
Samples (0.6 mg) of labeled or unlabeled enzyme in 275 ~1 50 mM 
ammonium bicarbonate buffer. pH 7.8 (6 M guanidine hydrochloride) 
were reduced with 1.5 mM dithiothreitol (10 min, 50°C). After ddu- 
tion (1:4) with buffer (free of denaturant) 30 pg Staphylococcus aureus 
Glu-C endoprotease V, was added and the mixtures were incubated 
for 10 h at 37°C. The resulting peptides were carboxymethylated (2
mM iodonacetamide, 15 min, 37°C) and analyzed by reverse-phase 
HPLC on a 0.46 x 25 cm C4-214 TP-54 column (Vydac, USA). A 
linear gradient of 5-70% acetonitrile in 0.1% trifluoroacetic acid 
(1 ml. min-‘) was used and eluates monitored from 190 to 320 nm 
using a photo diode array detector. All chromatographic equipment 
was from Waters Associates (USA). The peptides elected for further 
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analysis were concentrated by lyophilisation (approx. 30 ~1) and 
stored at -20°C. 
Amino-terminal sequence analysis was carried out on a 477A 
pulsed-liquid sequenator with on-line analysis of the PTH-amino acids 
on a 120A PTH-analyzer (Applied Biosystems, USA) as suggested by 
the manufacturer. 
Plasma desorption mass spectrometry was performed on a BIO 
ION 20 Biopolymer Analyzer (Applied Biosystems, USA). Spectra 
were recorded for 1 million fission counts of the CalifomiumZ5’ source. 
Desorbed analyte ions were detected with a channel plate detector 
operated at -2 kV (for the first plate), the measurements being carried 
out in the ‘positive mode’. 
3. RESULTS 
3.1. Effect of the aglycon chain length on the inactivation 
of endoglucanase III by w-epoxyalkyl /3-cellobi- 
osides 
Incubation of endoglucanase III (M) with large molar 
excess of w-epoxyalkyl cellobiosides resulted in com- 
plete inactivation of the enzyme according to pseudo- 
first-order kinetics (not shown). No appreciable enzy- 
matic hydrolysis of these compounds could be observed 
(HPLC) With equivalent concentrations of inhibitor 
(2.5 mM) the relative values of the inactivation rates 
were 10:20:100, respectively, for the propyl, butyl and 
pentyl derivatives. 
3.2. Kinetics, specljicity and pH dependence of inactiva- 
tion 
The pseudo-first-order inactivation rate constants 
(k,,,) as a function of 4, 5’-epoxypentyl-/?-cellobioside 
concentration ([I]) (Fig. 1A) were plotted according to 
equation (1) [16]: 
k app = (k, . FWl+&) (1) 
Kd and k,, respectively 30 nM and 0.035 min -‘, were 
obtained by hyperbolic fitting [17] (Fig. 1B). These val- 
ues are similar to those found for other cellulases using 
the same compounds as irreversible inhibitors [18]. 
The order of the inactivation reaction, estimated ac- 
cording to [19], was (0.8 k 0.2) (Fig. 1C). 
The rate of inactivation with 4, 5’-epoxypentyl-/I- 
cellobioside was 3.5 times lower in the presence of 150 
mM cellobiose, a competive inhibitor of the enzyme 
(K, = 20 mM). 
The pH dependence of the inactivation of endogluca- 
Fig. 1. Inactivation of endoglucanase III by 4, 5’-epoxypentyl /I- 
cellobioside (A) The enzyme (0.8 PM) in MC Ilvaine’s buffer pH 4.6 
was treated at 37°C with inactivator: 2 mM (m), 5 mM (A), 7.5 mM 
(o), 10 mM (o), 15 mM (A) and 20 mM (+); control (0) (no inhibitor). 
(B) k,,, dependence on inactivator concentration. The solid line was 
drawn by hyperbolic fitting [17] of the experimental points (0) to 
Equation (1). The rates were determined from Fig. 1A. (C) Determina- 
tion of apparant order of the inactivation reaction. The slope of the 
straight line is 0.8 f 0.2. 
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nase III with 4’, 5’-epoxypentyl$-cellobioside is similar 
to the pH-activity curve for cellotriose hydrolysis with 
a pronounced maximum around 5.0 [14]. 
Time (min) 
[inactivator] (mM) 
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Enzyme 
EG III 
EG 
EG 
EG A 
EG B 
EG C 
EG 
EG 
EG A 
EG 1 
BNAN 
EG 
EG 
EG A 
EG D 
EG B 
EG C 
EG E 
EG H 
EG Z 
EG 3 
CD C 
EG 
EG A 
EG B 
EG 1 
XBGL 
EG A 
source 
Trichoderma reesei 
Bacillus sp. 1139 
Bacillus sp. KSM635 
Bacillus sp. N4 
Bacillus sp. N4 
Bacillus sp. N4 
Bacillus polymyxa 
Bacillus sobtllis 
Butyrivibrio fibrisolvens 
Butyrivibrio ffbrisolvens 
Caldocellum saccharolyficum 
Caldocellum saccharolyricum 
Clostridlum acetobutylicum 
Clostridium cellulolyticum 
Clostridium cellulolyticum 
Clostridium thermocellvm 
Clastridium thermocellum 
Clostrldium thermocellum 
Clostridium thermocellum 
Erwinia chryranthemi 
Fibrabacter succinogenes 
Pseudomonas fluorescens 
Pseudomonas solanacearum 
Ruminococcus albus 
Ruminococcus albus 
Ruminococcus albus 
Saccharomyces cerevisiae 
Xanthomonas campestris 
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suiss-Prot 
accession number 
PO7982 
PO6564 
P19424 
PO6566 
PO6565 
P19570 
P23548 
PO7983 
P22541 
P20847 
P22533 
P10474 
P15704 
P17901 
P25452 
PO4956 
PO7985 
P10477 
P16218 
PO7103 
P14250 
P27033 
P17974 
P23660 
P23661 
P16216 
P23776 
P19487 
Fig. 2. Alignment of family A cellulases. The five well-conserved omains that contain invariant residues (*) are represented for 28 glycanases of 
family A and correspond to hydrophobic clusters as defined in [l]. Enzyme sources, SwissProt accession umbers and current abbreviations are 
given: EC, endoglucanase (E.C. 3.2.1.4.); BMAN, /3-mannanase (E.C. 3.2.1.78); CD, cellodextrinase (EC. 3.2.1.74); XBGL, exo-j?( 1,3)-glucanase 
(EC. 3.2.1.58). 
3.3. Isolation and partial amino acid sequence of an af- 
jinity-labeled peptide 
Intact and affinity-labeled endoglucanase III were di- 
gested with protease V, and the resulting peptide mix- 
tures analyzed by reverse-phase HPLC (not shown). A 
peptide, clearly absent in the modified protein, was 
analysed to have the N-terminal sequence Cys-Thr-Thr- 
Asn-Ile- and to weigh 3207.3 Da. It situates the putative 
modification in the sequence [lo] at either G1u3” or 
G1u329 (M, for peptide 302-329:3207.4 Da). 
4. DISCUSSION 
Substrates or substrate analogs carrying reactive ep- 
oxide functions are often used as affinity labels for car- 
bohydrases [12,18]. These derivatives are thought to 
react primarily with the ionised form of aspartate or 
glutamate residues at the enzymes active site. In a few 
cases, however, reactions with other residues have been 
observed, e.g. methionyl[20], cysteinyl[21] or aminated 
groups [22]. 
No free cysteine residues could be detected in en- 
doglucanase III and chemical modifications of either 
histidine or arginine groups did not affect the enzymic 
activity (Macarron, unpublished observations). In two 
other cellulases from family A (endoglucanase A from 
Clostridium cellulolyticum [6] and endocellulase Z from 
Erwinia chrysanthemi [5]) mutagenesis experiments di- 
rected at the conserved histidine in domain II and argin- 
ine in domain I (Fig. 2) prove that these residues are 
structurally but not functionally important. 
The completely irreversible inactivation of en- 
doglucanase III from Trichoderma reesei by o-epoxyal- 
kyl-@llobiosides with different aglycon chain lengths, 
as observed in the present study, probably results from 
active-site labeling at a carboxylate group. This is sug- 
gested by the specificity requirement in the structure of 
the epoxide, the protection by substrates or substrate 
analogs, the dependence of the inactivation rate on pH 
and the stoichiometry of the reaction (Fig. 1). 
Among the inhibitors tested, 4’,5’-epoxypentyl-/I-cel- 
lobioside was the most reactive. The pentyl aglycon 
carbon chain could fit into a glycopyranosyl binding 
subsite, better than the aglycon moieties of the propyl 
or butyl derivatives. Similar results have been reported 
for cellulases from an Oxysporus species, Aspergillus 
niger and Aspergillus wentii [18], and most significantly 
for an endoglucanase from Schizophyllum commune [12] 
which, like endoglucanase III, also belongs to family A 
[ 11. Another endoglucanase from family A Bacillus sub- 
tilis endoglucanase, however, is inactivated faster by the 
butyl than by the pentyl derivative [12]. 
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The identity of the residue modified in endoglucanase 
III can be deduced from data obtained by peptide anal- 
ysis and sequence comparisons with family A cellulases 
(Fig. 2). V, proteolysis of unmodified and inactivated 
EG III was used to trace possible peptides carrying a 
labeled carboxyl group. A peptide (A4,=3207.3, clearly 
absent in proteolysates of the modified protein, was 
sequenced N-terminally and identified as Cy~~‘~-Glu~~~, 
suggesting that either G1u301 or G1u329 is a possible tar- 
get of the epoxide. 
Only two Glu residues (and no Asp residues) are 
totally invariant in cellulase family A (Fig. 2). Since 
G1u301 in the identified peptide is not conserved, most 
probably G1u329 in domain V acts as nucleophile medi- 
ating the formation of the glycosyl-enzyme intermedi- 
ate. It is also the most likely target of the epoxide. 
On the other hand, G1u2’* in domain III could be 
involved in the protonation of the glycosidic bond. Site 
directed mutagenesis experiments have indeed con- 
firmed the essential role (general acid-base catalysis) 
played by the corresponding conserved Glu residues in 
other cellulases from family A [4,5]. Since endogluca- 
nase III is a ‘retaining’ enzyme, as is typical for a family 
A cellulase [3], one carboxylate/carboxylic acid group 
should be positioned ‘above’ and another ‘below’ the 
hydrolysed glycosidic bond to account for a double dis- 
placement mechanism such as that found in lysozyme 
and B-galactosidase [23]. It is interesting to note that in 
the latter case a covalent intermediate of a slowly react- 
ing substrate could be isolated [24] and as a consequence 
the role of the putative nucleophile GAUGE’, identified by 
affinity labeling with an epoxide, has been questioned. 
The possibility that carboxylate/carboxylic acid groups 
can alternatively act as nucleophiles or as proton do- 
nors, depending on the nature of the substrate or affin- 
ity label used, cannot be excluded and could indeed 
reflect the catalytic flexibility of glycosylases [25]. 
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